Fiber-optic soliton self-compression to subcycle pulse widths in the mid-infrared , as well as enhanced highharmonic generation, opening the ways toward unprecedentedly short, atto-and zeptosecond field waveforms [5] . Several promising techniques have been proposed to confront the challenge of efficient short-pulse generation in the mid-IR. Those include seeded optical parametric amplification (OPA) with a high-power femtosecond laser pump [6] , optical parametric processes cascaded with difference-frequency generation (DFG) [7] [8] [9] , four-wave mixing in a two-color filament [10] , as well as supercontinuum generation in tellurite, fluoroindate, chalcogenide, and ZBLAN fibers [11] [12] [13] [14] [15] [16] [17] [18] [19] . Optical parametric chirped pulse amplification technology extended to the mid-infrared range enables the generation of sub-100 fs pulses centered at around 4 µm with an energy as high as a few millijoules [20, 21] . Nonlinear-optical transformation of these pulses in the filamentation regime helps generate highpower pulses shifted further in the mid-infrared [22] .
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Ultrashort pulses in the mid-infrared (mid-IR) are in great demand for nonlinear vibrational spectroscopy [1, 2] , standoff detection [3] , studies of new regimes of high-intensity laser interactions with matter [4] , as well as enhanced highharmonic generation, opening the ways toward unprecedentedly short, atto-and zeptosecond field waveforms [5] . Several promising techniques have been proposed to confront the challenge of efficient short-pulse generation in the mid-IR. Those include seeded optical parametric amplification (OPA) with a high-power femtosecond laser pump [6] , optical parametric processes cascaded with difference-frequency generation (DFG) [7] [8] [9] , four-wave mixing in a two-color filament [10] , as well as supercontinuum generation in tellurite, fluoroindate, chalcogenide, and ZBLAN fibers [11] [12] [13] [14] [15] [16] [17] [18] [19] . Optical parametric chirped pulse amplification technology extended to the mid-infrared range enables the generation of sub-100 fs pulses centered at around 4 µm with an energy as high as a few millijoules [20, 21] . Nonlinear-optical transformation of these pulses in the filamentation regime helps generate highpower pulses shifted further in the mid-infrared [22] .
In this work, we present numerical simulations that reveal physical scenarios whereby ultrashort mid-infrared pulses even with very low pulse energies can be compressed to subcycle pulse widths using nonlinear-optical field transformations in chalcogenide photonic-crystal fibers, thus combining photonic-crystal fiber [23] [24] [25] [26] and chalcogenide-glass fiber technologies [17] [18] [19] . Our analysis shows that an 85 fs pulse with a spectrum centered at 3.5 µm can be compressed to a subcycle pulse width through a solitonic transformation inside a chalcogenide photonic-crystal fiber with a hexagonal cladding. Waveform distortions of such pulses can be suppressed, as our simulations show, by combining chalcogenide
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Fiber-optic soliton self-compression to subcycle pulse widths in the mid-infrared photonic-crystal fibers with carefully optimized solid-state components for accurate nonlinear phase compensation.
Our numerical analysis is based on the generalized nonlinear Schrödinger equation (GNSE) [27, 28] for the amplitude of the field,
(1) Here, A(t,z) is the field envelope, A(ω,z) is its Fourier transform, z is the coordinate along the propagation axis, t is the retarded time, ω = 2πc/λ is the radiation frequency, λ is the wavelength, F is the Fourier transform operator,
is the optical response function that includes the instantaneous (Kerr-type) and retarded (Raman-type) parts, δ(t) is the delta function, f R is the fraction of Raman nonlinearity in the nonlinear response, and h(t) is the Raman response function. In our simulations, we use the damped-oscillator model of the Raman response function, h(t) = (τ
2 exp(-t/τ 2 )sin(t/τ 1 ). Equation (1) extends the nonlinear Schrödinger equation (NSE) to include all the key physical phenomena that have been identified as significant factors behind the evo lution of ultrashort optical pulses in fiber, such as dispersion of the medium, Kerr and Raman nonlinearities, pulse self-steepening. Simulations are performed for parameters of the hexagonal chalcogenide (Ge 11.5 As 24 Se 64.5 ) photonic-crystal fiber: the Kerr-effect nonlinear refractive index n 2 = 4 · 10
, f R = 0.031, τ 1 = 15.5 fs, and τ 2 = 230.5 fs [29] . The Raman nonlinearity of chalcogenide glasses is largely due to the antisymmetric As-(S, Se)-As stretch mode of As(S, Se) 3 pyramidal units. Similar to the overall optical nonlinearity of chalcogenide glasses, the Raman gain of chalcogenide fibers is about two orders of magnitude higher than the Raman gain of silica fibers. The time constants of the Raman response function are chosen in such a way as to mimic the inhomogeneously broadened Raman bands of chalcogenide glass.
Dispersion of chalcogenide glass is included through the relevant Sellmeier equation [30] . The dispersion of the chalcogenide PCF studied in this work is presented in figure 1(a) . The zero group-velocity dispersion wavelength for the fiber is λ z ≈ 3 µm.
We first consider spectral and temporal transformation of wavelength-tunable ultrashort, ultralow-energy mid-infrared pulse in a chalcogenide, Ge 11.5 As 24 Se 64.5 PCF (figure 2) with a dispersion profile as shown in figure 1(a) . We set the input pulse width at 85 fs and its initial energy at 60 pJ. For a hyperbolic-secant pulse shape, the input peak power is this about 600 W. With its central wavelength tuned to a central wavelength of 3.5 µm, the entire spectrum of the pulse falls within the range of anomalous dispersion ( figure 3(b) ). When launched into a chalcogenide PCF, such a pulse couples into an optical soliton, undergoing spectral broadening and self-compression as the first stage of soliton breather dynamics (figures 3(a) and (b)). The soliton number controlling this breathing soliton dynamics is N ≈ 2.1. At the point of maximum pulse compression, at z ≈ 6.4 nm, the pulse width of this soliton transient is 17 fs ( figure 3(c) ), which corresponds to 1.45 field cycles at 3.5 µm. The peak power of the soliton transient at the point of maximum pulse compression is about 2.6 kW which is a factor of 4.3 higher than the peak power of the input pulse. In figures 3(e) and (f), we show the parameter space for this soliton pulse-compression scenario when implemented with wavelength-tunable ultrashort mid-infrared laser pulses, with the regions where this regime breaks down left uncolored. We now consider pulse compression in a scheme where the residual phase distortions of the compressed soliton fiber output are compensated with a variable-thickness CaF 2 plate. Dispersion of CaF 2 , calculated with the use of the relevant Sellmeier equation [31] , is presented in figure 1(b) . When properly optimized and matched with the parameters of the input pulse, such a phase postcompensation scheme enables, as numerical simulations presented in figure 4 show, soliton pulse self-compression to subcycle pulse widths. Specifically, with a 6 mm fiber and a 1 mm thick CaF 2 plate, the mid-infrared pulses are compressed to a pulse width as short as 11.5 fs (figures 4(a) and (c)), i.e. shorter than the field cycle (11.7 fs at 3.5 µm). In figures 4(e) and (f), we show the parameter space for this regime of pulse compression, combining N ≈ 2.1 soliton self-compression in a chalcogenide PCF and phase postcompensation in a CaF 2 plate. The regions where this regime breaks down are left uncolored.
In the regime where soliton transients evolve toward pulse widths close to or even shorter than the field cycle, field-waveform dynamics inevitably differs [32, 33] from the canonical dynamics of ideal optical solitons described by the NSE [34] . In figure 5 , we illustrate the influence of pulse self-steepening and high-order dispersion-effects not included in the NSE-on the evolution of mid-infrared soliton transients in a chalcogenide PCF. Both pulse self-steepening and high-order dispersion are seen to enhance the high-frequency part of the Temporal (a) and spectral (b) evolution of an ultrashort mid-infrared pulse of ultralow input energy in a chalcogenide photoniccrystal fiber. Temporal envelopes (c) and spectra (d) of the compressed output (solid line) and the input pulse (dashed line). The input pulse has a central wavelength of 3.5 µm, initial pulse width of 60 pJ, a pulse width of 85 fs, and a hyperbolic-secant pulse shape. (e) and (f) Parameter space for pulse compression in a chalcogenide photonic-crystal fiber with a hexagonal cladding: (e) the compression ratio η as a function of the peak power and the wavelength, (f) the compression length l c as a function of the peak power and the wavelength. spectrum ( figures 5(b)-(d) ). In the time domain, these non-NSE effects give rise to pulse-envelope asymmetry, pushing the peak of the envelope toward the trailing edge of the pulse ( figure 5(a) ). Without a special high-order dispersion management [35, 36] , non-NSE effects tend to limit the shortest pulse width achieved as a result of soliton pulse compression in an optical fiber ( figure 5(a) ).
To summarize, we have demonstrated physical scenarios whereby ultrashort mid-infrared pulses even with very low pulse energies can be compressed to subcycle pulse widths using nonlinear-optical field transformations in chalcogenide photonic-crystal fibers. We have shown that an 85 fs pulse with a spectrum centered at 3.5 µm can be compressed to a subcycle pulse width through a solitonic transformation inside a chalcogenide photonic-crystal fiber with a hexagonal cladding. Waveform distortions of such pulses can be suppressed, as our simulations show, by combining chalcogenide photonic-crystal fibers with carefully optimized solid-state components for accurate nonlinear phase compensation.
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